Abstract: The castability, mechanical properties, and fracture characteristics of Ti-15Mo-5Zr-3Al alloy were compared with those of Ti-6Al-7Nb alloy and pure titanium (CP Ti) for application of this β-type titanium alloy in cast dental prostheses. Cast specimens were prepared with a centrifugal casting machine. A tensile test was performed according to ISO standard 22674. The castability index for Ti-15Mo-5Zr-3Al was lower than those for Ti-6Al-7Nb and CP Ti. The tensile strength of Ti-15Mo-5Zr-3Al was 852 MPa, which was lower than that of Ti-6Al-7Nb and higher than that of CP Ti. The proof strength of Ti-15Mo-5Zr-3Al was 799 MPa, which was comparable to that of Ti-6Al-7Nb and higher than that of CP Ti. The elastic modulus of Ti-15Mo-5Zr-3Al was 81.0 GPa, which was lower than the values for Ti-6Al-7Nb and CP Ti. Elongation of Ti-15Mo-5Zr-3Al was 5.1%, which was comparable to that of Ti-6Al-7Nb and less than that of CP Ti. The shape of the fractured segment was narrower for Ti-15Mo-5Zr-3Al than for Ti-6Al-7Nb and CP Ti.
Introduction
Titanium is widely used for medical and dental treatments, because of its excellent corrosion resistance and biocompatibility (1, 2) . However, since the mechanical strength of pure titanium is not sufficient (3), a+β-type Ti-6Al-4V alloy was introduced for applications associated with high mechanical stress. Because of concerns regarding the cytotoxicity of vanadium (V) in Ti-6Al-4V alloy, Ti-6Al-7Nb alloy, in which vanadium is replaced by niobium (Nb), was developed for biomedical applications (4) .
Titanium is used to cast dental prostheses. Titanium is much more reactive to oxygen than are conventional dental casting alloys; thus, special casting machines and mold materials have been developed for titanium casting (5) (6) (7) . However, because pure titanium has disadvantages Journal of Oral Science, Vol. 60, No. 2, 285-292, 2018
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Castability and mechanical properties of Ti-15Mo-5Zr-3Al alloy in dental casting as a dental casting material, such as a lack of mechanical strength (8) , difficulties in polishing (9, 10) , and poor wear resistance (11) , Ti-6Al-7Nb alloy was introduced as a dental casting alloy (8, 11, 12) and has been used clinically in various dental prostheses (13, 14) . Although numerous titanium alloys have been studied for dental casting (5, (15) (16) (17) (18) , only a+β-type Ti-6Al-7Nb alloy has been used in clinical applications. Conversely, β-type titanium alloys, which have a low elastic modulus and high mechanical strength, have been extensively studied for surgical applications (19, 20) . Ti-15Mo-5Zr-3Al alloy is a β-type titanium alloy used clinically as a surgical implant material and is standardized to International Standards Organization (ISO) specification 5832-14 (21) . It was reported to have excellent corrosion resistance (22) and biocompatibility (23, 24) comparable to that of pure titanium. However, little is known about its properties as a dental casting material (25) . The purpose of this study was to compare the castability, mechanical properties, and fracture characteristics of Ti-15Mo-5Zr-3Al alloy with those of Ti-6Al-7Nb alloy and pure titanium for application in cast dental prostheses.
Materials and Methods

Materials
Ti-15Mo-5Zr-3Al alloy (Kobe Steel Ltd., Kobe, Japan), Ti-6Al-7Nb alloy (T-Alloy Tough, GC Corp., Tokyo, Japan), and grade 3 commercially pure titanium (CP Ti, T-Alloy H, GC) were used to make cast specimens. The details of these materials are summarized in Table 1 . The ingots were column shaped, 30 mm in diameter, 13 mm in height, and weighed approximately 30 g.
Castability test
Mesh specimens were prepared to evaluate castability. Figure 1 shows the schematic configuration of the mesh wax pattern for casting. The wax pattern was prepared with a commercial wax mesh pattern for designing denture frameworks (Wax Retention No. 2, Shofu Inc., Kyoto, Japan). The cross-sectional shape of the line wax constituting the mesh pattern is a trapezoid, and the lengths of the parallel sides and height are 0.5, 1.0, and 0.8 mm, respectively. These very thin meshes were chosen in order to provide a severe casting condition to classify the castability of the metals. The 30.5 × 30.5 mm specimens contained 144 square openings formed by the meshes. These small square openings, referred to as segments, comprise the four sides of complete quadrilaterals. Wax bars with diameters of 3.0 and 2.2 mm were used for the sprues and runner bars, respectively.
The castability of each mesh specimen was calculated as the number of complete cast segments expressed as a percentage of the 144 total segments, which was defined as the castability index (12) . Twelve specimens were used to evaluate the castability of each metal.
The wax pattern was invested in a mold ring by using a magnesia-based investment material (Selevest CB, Selec Co. Ltd., Osaka, Japan). The mold was made according to the manufacturer's instruction (W/P ratio = 0.20). The distance between the top of the wax pattern and the top rim of the casting ring was set at approximately 10 mm. Two hours after the wax pattern was invested, the mold was heated in an electric furnace (KDF-S80, Denken Co. Ltd., Kyoto, Japan) at a heating rate of 6°C/min up to 850°C, and kept at that temperature for 1 h. It was then cooled to 120°C inside the furnace.
Casting was performed with a centrifugal casting machine (Ticast Super R, Selec), and the melting/casting chamber was evacuated to 7 × 10 −2 Pa. The metal ingot was arc-melted (210A, electrode distance 6 mm) for 60 s in a high-purity argon atmosphere at a pressure of 2.8 × 10 4 Pa and cast into the mold. Castings were bench-cooled without removing the mold materials. The castings were cleaned with an ultrasonic washer and air-abraded with 50-to 70-µm alumina particles (Hi-Aluminas, Shofu) for 30 s (Jet Blast II, J. Morita Corp., Osaka, Japan) at an air pressure of 0.2 MPa.
Tensile test
The dumbbell-shaped wax patterns measured 3.0 mm in diameter and 20.0 mm in length at the parallel portion, and 6.0 mm in diameter and 10.0 mm in length at the chucking portion, in accordance with ISO 22674 (26). The specimens for the tensile test were cast in the same manner as those used in the castability test. After casting, all specimens had a perfect dumbbell shape, and no casting void was observed. The tensile test was carried out in accordance with ISO 22674 by using a universal testing machine (Model 5567, Instron, Canton, MA, USA) at a temperature of 23 ± 1°C and a relative humidity of 50 ± 10% (26). Strain was detected with a non-contacting video extensometer (Advanced Video Extensometer, Instron). The gauge length was 15 mm, and the cross-head speed was 1 mm/min. Tensile strength, proof strength (0.2% non-proportional strain), elastic modulus, and elongation were calculated from the obtained stress-strain diagrams. Nine specimens were used for each metal.
Statistical analysis
Statistical analyses were conducted by using statistical software (SPSS version 15.0, SPSS Inc., Chicago, IL, USA). The castability indices and tensile test results were analyzed primarily by the Kolmogorov-Smirnov test (SPSS). When the results of the Kolmogorov-Smirnov test did not exhibit a normal distribution in the groups, the Kruskal-Wallis test (SPSS) and Steel-Dwass multiple comparison test (Kyplot 5.0, KyensLab Inc., Tokyo, Japan) were performed. A P value of less than 0.05 was considered to indicate statistical significance in all tests.
Microscopic observation
After tensile testing, the appearance of fractured specimens was observed with a digital photographic system (Nikon D200, Nikon Corp., Tokyo, Japan) at ×1.7 magnification. Fractured surfaces were observed with a scanning electron microscope (SEM; S-4300, Hitachi High-Technologies Corp., Tokyo, Japan) operated at 15 kV.
Results
Statistical analysis
In the castability test, the Kolmogorov-Smirnov test of castability index results did not show a normal distribution in the CP Ti and Ti-6Al-7Nb groups. The Kruskal-Wallis test revealed significant differences in the castability index among the three groups (P < 0.001). In the tensile tests, the Kolmogorov-Smirnov test did not show a normal distribution in the elongation results. The Kruskall-Wallis test showed significant differences in tensile strength, proof strength, elastic modulus, and elongation values among the three groups (P < 0.001). Figure 2 shows mesh cast specimens for Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti. No Ti-15Mo-5Zr-3Al alloy specimen achieved complete casting (Fig.  2a) , whereas several Ti-6Al-7Nb alloy specimens were completely cast, and all CP Ti specimens exhibited complete shapes (Fig. 2b, c) .
Castability
The castability indices for the three metals, as evaluated by the ratio of the number of segments, are shown in Fig.  3 . The average index value was 93% for Ti-15Mo-5Zr-3Al alloy, 99% for Ti-6Al-7Nb alloy, and approximately 100% for CP Ti. The Steel-Dwass nonparametric multiple comparison test showed a significantly lower castability index for Ti-15Mo-5Zr-3Al alloy (category a) than for Ti-6Al-7Nb alloy and CP Ti (category b). Figure 4 shows representative stress-strain diagrams for cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti. The stress-strain relationships for Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti were nearly proportional up to approximately 700 MPa, 800 MPa, and 400 MPa, respectively. The slope of stress per strain in this range was lowest for Ti-15Mo-5Zr-3Al alloy. When stress exceeded the proportional limit, the increase in stress per strain gradually decreased for the three metals; however, the increase in stress decreased more rapidly for Ti-15Mo-5Zr-3Al alloy than for Ti-6Al-7Nb alloy and CP Ti. Table 2 shows the tensile strengths of cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti.
Tensile properties
Tensile strength values significantly differed among the metals. Table 3 shows the proof strengths determined with 0.2% non-proportional strain of cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti. Proof strength values were not significantly different between Ti-15Mo-5Zr-3Al alloy and Ti-6Al-7Nb alloy; however, the proof strength of CP Ti was significantly lower than those of Ti-15Mo-5Zr-3Al alloy and Ti-6Al-7Nb alloy. Table 4 shows the elastic moduli of cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti. Elastic moduli were not significantly different between CP Ti and Ti-6Al-7Nb alloy, but the elastic modulus of Ti-15Mo-5Zr-3Al alloy was significantly lower than those of CP Ti and Ti-6Al-7Nb alloy. Table 5 shows elongation values for cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti. Elongation values were not significantly different between Ti-15Mo-5Zr-3Al alloy and Ti-6Al-7Nb alloy, but the elongation value for CP Ti was significantly higher than those for Ti-15Mo-5Zr-3Al alloy and Ti-6Al-7Nb alloy. Figure 5 shows fractured specimens of cast Ti-15Mo-5Zr- 3Al alloy, Ti-6Al-7Nb alloy, and CP Ti after the tensile test. The shape of the fractured section of the Ti-15Mo-5Zr-3Al alloy was narrower and more tapered than those of the Ti-6Al-7Nb alloy and CP Ti. Figure 6 shows SEM images of the fractured sections and surfaces of cast Ti-15Mo-5Zr-3Al alloy, Ti-6Al-7Nb alloy, and CP Ti after tensile testing. Side views of the fractured sections show many thin cracks at the narrowed fractured section of Ti-15Mo-5Zr-3Al alloy (a), while cracks in the Ti-6Al-7Nb alloy (b) and CP Ti (c) were less numerous and coarser. In low-magnification images of fractured surfaces, the cross-sectional fractured area of Ti-15Mo-5Zr-3Al alloy (d) was less than those of Ti-6Al-7Nb alloy (e) and CP Ti (f), i.e., the reduction area was higher for Ti-15Mo-5Zr-3Al alloy than for Ti-6Al-7Nb alloy and CP Ti. In high-magnification images of fractured surfaces, a clear dimple pattern was observed on the fractured surface of Ti-15Mo-5Zr-3Al alloy (g) but was not apparent on the fractured surface of Ti-6Al-7Nb alloy (h). A river pattern was observed on the fractured surface of CP Ti (i).
Fractured section and surface after the tensile test
Discussion
Castability is an essential property for dental casting alloys and is affected by many factors, including the composition, permeability, and temperature of the mold; the melting atmosphere, heating conditions, and casting pressure of the casting machine; and the melting temperature and fluid properties of the metal. On the basis of the present castability test results, casting conditions were satisfactory for CP Ti and Ti-6Al-7Nb alloy, which had high castability indices. However, the castability index for Ti-15Mo-5Zr-3Al alloy was lower than those for Ti-6Al-7Nb alloy and CP Ti.
The decreased castability of Ti-15Mo-5Zr-3Al alloy may be related to differences in the compositional elements of the three metals. Molybdenum and zirconium are included only in Ti-15Mo-5Zr-3Al alloy and are added as β-phase stabilizers (27, 28) . Addition of 5% molybdenum or zirconium to titanium caused a decrease in castability in a graphite mold (29) . Therefore, the inclusion of molybdenum and zirconium in Ti-15Mo-5Zr-3Al alloy probably decreased castability. In the binary Ti-Mo system, alloy castings are predominantly β phase when molybdenum content is 10% or higher (27) . A previous study reported that addition of niobium-a β-phase stabilizer for titanium-decreased castability (29) . The slight decrease in the castability of Ti-6Al-7Nb alloy as compared with CP Ti may be attributable to this factor. One reason for the decrease in castability caused by the presence of additional elements is the difference in the fluidity of molten metal. The flow configuration of a molten pure metal differs from that of a molten alloy (30) , and the fluidity of an alloy is generally lower than that of a pure metal (12) . The castability index of the Ti-15Mo-5Zr-3Al alloy was lower than those of Ti-6Al-7Nb alloy and CP Ti in this study. Because the present casting condition is intended for casting of Ti-6Al-7Nb alloy and CP Ti (8), the properties of molten Ti-15Mo-5Zr-3Al alloy may not be suitable for casting. Reza et al. reported that titanium castability was significantly affected by casting conditions (31) . Therefore, castability might be improved by changing casting conditions, such as melting time, arc voltage, or electrode distance, for Ti-15Mo-5Zr-3Al alloy.
Biological and mechanical biocompatibility are the two primary factors in the development of titanium alloys for biomedical applications. Three wrought titanium alloys for surgical implants are listed in the international standard: Ti-6Al-4V (ISO 5832-3), Ti-5Al-2.5Fe (ISO 5832-10), and Ti-6Al-7Nb (ISO 5832-11) alloys (32) (33) (34) . The first is an a+β-type titanium alloy, and the other two were developed to eliminate cytotoxic vanadium from Ti-6Al-4V alloy (3). To improve the mechanical biocompatibility of titanium alloys, β-type titanium alloys were developed, such as Ti-13Nb-13Zr alloy and Ti-12Mo-6Zr-2Fe, Ti-15Mo, and Ti-15Mo-5Zr-3Al alloys. The elastic moduli of these β-type wrought titanium alloys are lower than those of pure titanium and a+β-type titanium alloys but still higher than that of bone (19) . Although some β-type titanium alloys have been studied for dental casting (15, 17, 18) , none is clinically available for dental cast prostheses.
The tensile strength of cast Ti-15Mo-5Zr-3Al alloy was 852 MPa, which was slightly lower than that of Ti-6Al-7Nb alloy (Table 2) . Because the data are consistent with those obtained from wrought specimens of these alloys (19) , the tensile strengths of these alloys did not seem to be affected by the present casting process. No significant difference was observed between the proof strengths of Ti-15Mo-5Zr-3Al and Ti-6Al-7Nb alloys (Table 3) . Therefore, the difference between tensile strength and proof strength was small for Ti-15Mo-5Zr-3Al alloy. A possible reason for this property is the deformation characteristics of Ti-15Mo-5Zr-3Al alloy. As shown in Fig. 4 , the increase in stress per strain gradually decreased after the stress exceeded the proportional limit for the three metals. In the case of Ti-15Mo-5Zr-3Al alloy, the maximum stress value was reached at a lower strain, as compared with the other two metals, and considerably decreased as strain increased in the plastic deformation range. Because of this plastic deformation characteristic, the tensile strength of Ti-15Mo-5Zr-3Al alloy may not greatly increase after proof strength; consequently, tensile strength was slightly higher than the proof strength of this alloy.
Previous studies described the elastic moduli of dental casting alloys in tensile testing, e.g., 95 to 100 GPa for gold alloys with hardening heat treatment (35) and 218 GPa for vitallium, a Co-Cr alloy (36) . In a four-point bending test, the elastic moduli of a gold alloy, Ti-6Al-7Nb alloy, and grade 2 commercially pure titanium were 94.1 GPa, 105.3 GPa, and 108.2 GPa, respectively (37) . The elastic moduli of cast Ti-6Al-7Nb alloy and CP Ti in the present study (Table 4) were within the range of previously reported values (19, 37) , comparable to those of gold alloys, and much lower than those of Co-Cr alloys. The elastic modulus of the cast Ti-15Mo-5Zr-3Al alloy was 81.0 GPa, which is significantly lower than those of Ti-6Al-7Nb alloy and CP Ti in this study (Table 4) . Because this value is consistent with that reported for the wrought Ti-15Mo-5Zr-3Al alloy (12, 24, 38) , the low elastic modulus of Ti-15Mo-5Zr-3Al alloy was likely maintained after the dental casting process in this study.
Elongation of cast Ti-15Mo-5Zr-3Al alloy was comparable to that of Ti-6Al-7Nb alloy and less than that of CP Ti (Table 5) . These results are consistent with the elongation values of these metals in the wrought condition (19) ; however, the elongation values for the three metals in this study were considerably lower than those of the wrought metals. This deterioration in elongation is likely caused by oxidization and reactions with mold materials (5, 6) .
After the present tensile test, the fractured sections of Ti-15Mo-5Zr-3Al alloy specimens were narrower than those of Ti-6Al-7Nb alloy and CP Ti (Fig. 5) . The narrowed fracture section and reduced cross-sectional fracture area of Ti-15Mo-5Zr-3Al alloy are shown in Fig.  6a and d. The narrow fracture section and reduced crosssectional fractured area indicate continuous narrowing of a section of the specimen in the tensile test, which may cause a decrease in stress relative to increased strain during plastic deformation, as shown in Fig. 4 . When the cross-sectional area of a section of a specimen decreases in the tensile test, the stress value in a nominal stress-strain diagram decreases because nominal stress is calculated by the following formula, σ n = W / A 0 where σ n is nominal stress, W is load, and A 0 is the original cross-sectional area of the specimen.
In a SEM image of the fractured surface of Ti-15Mo-5Zr-3Al alloy, a clear dimple pattern was observed (Fig. 6g) , which is a characteristic microstructural feature of a ductile fracture in a material. Conversely, flat planes and straight lines, referred to as a river pattern, were observed in the fractured surface of CP Ti (Fig. 6i) and are a typical finding in a cleavage fracture of a material. In the fractured surface of Ti-6Al-7Nb alloy, neither a dimple pattern nor a river pattern was observed (Fig.  6h) . Although the elongation of Ti-15Mo-5Zr-3Al alloy was lower than that of CP Ti, this ductile fracture pattern of Ti-15Mo-5Zr-3Al alloy is possibly caused by the β-phase characteristics (2) of this alloy. In conclusion, Ti-15Mo-5Zr-3Al alloy has a low elastic modulus and exhibits limited ductile plastic deformation in cast dental prostheses.
